We point out that the null results of the hadronic electric dipole moment (EDM) searches constrain orbifold grand unified theories (GUTs), where the GUT symmetry and supersymmetry (SUSY) are both broken by boundary conditions in extra dimensions and it leads to rich fermion and sfermion flavor structures. A marginal chromoelectric dipole moment (CEDM) of the up quark is induced by the misalignment between the CP violating left-and right-handed up-type squark mixings, in contrast to the conventional four-dimensional SUSY GUTs. The up quark CEDM constraint is found to be as strong as those from charged lepton flavor violation (LFV) searches. The interplay between future EDM and LFV experiments will probe the structures of the GUTs and the SUSY breaking mediation mechanism.
After the discovery of successful agreement of the three extrapolated gauge couplings at a higher energy scale, supersymmetric grand unified theories (SUSY GUTs) have been considered as ones of the most predominant candidates for theories beyond the standard model (SM). The ratio of the bottom quark to tau lepton masses supports the idea of GUTs which also predict the Yukawa coupling unification. There have been extensive researches to detect further implications for SUSY GUTs.
Crucial hints for SUSY GUTs are also obtained in flavor and CP violation originated from the SUSY breaking scalar mass terms. Because SUSY GUTs also provide some relations between squark and slepton mass matrices [1, 2] , we can probe structure of SUSY GUTs by combining results of low energy experiments, such as K, B physics, lepton flavor violating (LFV) decays and electric dipole moment (EDM) searches.
Recently it was pointed out that null results of hadronic EDM experiments severely constrain CP-violating squark flavor mixings in SUSY models [3, 4] . When off-diagonal elements in squark mass matrices have sizable imaginary parts, unacceptably large chromoelectric dipole moments (CEDMs) would be induced and conflict with hadronic EDM data. The flavor conserving moments, which are induced by loop diagrams, depend on the flavor violating mass parameters via the internal lines, and they are enhanced by heavier quark masses due to a chirality flip nature of the dipole moment operators. In particular the bound on down-type squark mixings between the second and third generations plays a crucial role in discussing the SUSY contribution to the CP asymmetry in the B meson system. If a sizable deviation from the SM prediction of the CP asymmetry in B 0 d → φK S [5] is attributed to the right-handed down-type squark mixing, which is radiatively generated by the right-handed neutrino Yukawa coupling in SUSY GUTs [6] , the CEDM of the strange quark would exceed the experimental bound. We emphasize that the hadronic EDM constraints are important criteria for distinguishing various scenarios and for building models [3, 4, 7, 8, 9, 10] .
In constructing realistic SUSY GUT models, we are confronted with many difficulties. Baryon number violating dimension five operators induced by color triplet Higgs multiplet exchange have to be suppressed in order to stabilize proton adequately [11] . The mass ratios of the down-type quarks to charged leptons in the first two generations are quite different from the counterpart of the third generation. In addition, a vast mass hierarchy between the light Higgs doublets and their heavy color triplet partners is required without invoking a fine-tuning of parameters.
There are many attempts to solve the problems inherent in SUSY GUTs. Approaches employing extended representations and/or groups are well investigated [12] . Meanwhile quite different ideas utilizing spatial extra dimensions were proposed and developed in recent years [13, 14, 15, 16, 17, 18, 19, 20, 21] . The GUT gauge symmetry manifest in higher spacetime dimensions is broken to the SM ones by the boundary conditions on a compactified orbifold. The higher dimensional SUSY is also reduced by the compactification. In this construction the mass hierarchy between doublet and triplet Higgs fields is realized without any redundant Higgs multiplets. Furthermore the dangerous dimension five proton decay and the wrong prediction of Yukawa couplings in the first two generations are avoided by appropriate choices of matter field configuration, while the gauge coupling unification at the cutoff scale M ∼ 10 17 GeV is maintained [15, 20, 21] . In this letter we discuss the hadronic EDMs in the orbifold GUT models which explain flavor structures of the fermions and sfermions by the geometrical nature of higher dimensional spaces. For definiteness we will work in a framework of SU(5) unification proposed by Hall and Nomura [21] . In this setup the matter ten-plets of the first two generations reside in the bulk, while other matter fields are located on the SU(5) preserving brane. The soft SUSY breaking mass terms for bulk fields are attributed to the Scherk-Schwarz mechanism [22, 23] with no soft masses for brane fields, resulting in non-universal mass spectrum for left-handed squarks, up-type squarks and right-handed sleptons. In generic the CP violating phases of the off-diagonal elements in the left-handed up-type quark mass matrix do not coincide with the right-handed counterparts, and they lead to the up quark CEDM enhanced by the top quark mass. We find that the predicted up quark CEDM is marginal to the current experimental limit. In this model observable lepton flavor violating processes are also predicted due to the off-diagonal terms in the right-handed slepton mass matrix. The constraint from the up quark CEDM on the orbifold GUT model is as strong as that from µ → eγ.
While the up quark CEDM could gives a severe constraint on the SUSY models potentially, the CEDM is suppressed under the universal scalar mass hypothesis. The orbifold GUT models, which we discuss in this paper, are the exceptions.
The proposed deuteron EDM search, which is expected to reach to the 10 −27 e cm level, is very promising [24] . The limit on the T-odd nuclear force will be lowered by two orders of magnitude over the current limit. Thus the structures of sfermion mass matrices will be well understood even if calculation of the deuteron EDM involves theoretical uncertainties arising from nuclear dynamics.
First, we recall the CEDMs of the light quarks and their experimental upper limits constrained by hadronic EDM experiments. There are several contributions to observable hadronic EDMs. The CP violating effects stem from the CEDMs d 
when the Peccei-Quinn (PQ) mechanism works. Here d n is induced by the charged meson loop processes, and d Hg arises from the nuclear force generated by meson exchanges. The quark CEDM contributions to hadronic EDMs depend on whether the PQ symmetry works to relax the strict bound on the θ term or not [25] , although the numerical difference is small. The effects induced by the usual EDMs d q of the light quarks to d n are found to be comparable to those from the quark CEDMs in several approaches [26] . Meanwhile d Hg is almost independent of the quark EDM operators due to the Schiff screening. Since we pay the attentions to the order of magnitudes of the hadronic EDM sensitivities, in this letter we assume the PQ symmetry and discard the quark EDM contributions for simplicity. The current upper bounds on the EDMs of the neutron [27] and the 199 Hg atom [28] are at 90 % confidence level, respectively. In the absence of accidental cancellation among various contributions we obtain
from the EDM constraints of the neutron ( 199 Hg atom). In discussing flavor violation in SUSY models, it is convenient to introduce the following mass insertion parameters [29] :
where i, j = 1, 2, 3 denote the flavor indeces. Here these quantities are defined in the socalled super-CKM basis, where the corresponding quark mass matrices are diagonal and flavor violating effects are encoded into squark mass matrices. When both the left-handed and right-handed squarks have off-diagonal components in their mass matrices, the CEDMs of the light quarks are significantly enhanced by the heavier quark mass. From Figure 1 we can estimate the quark CEDM originated from the squark flavor mixings as
where α s = g 2 s /(4π), and mg and mq are the gluino and averaged squark masses. In Table  1 , we show the constraints on the mass insertion parameters from the CEDM bounds. Here we use the formulae in Ref. [10] , and SUSY parameters are set to be m SUSY = 500 GeV and tan β = 10. 199 Hg EDM (neutron EDM) (m SUSY = 500 GeV and tan β = 10)
The bound on (δ u 13 ) L,R in the up-type squark mass matrices comes from the up quark CEDM, and it severely constrains SUSY models because of the enhancement by the large top quark mass. However, the up quark CEDM is suppressed below the experimental bound when the mediation of the SUSY breaking to our visible sector is flavor-blind. The flavor violating mass terms for the squarks are radiatively generated by the Yukawa couplings. On the other hand, if the flavor universality is violated at tree level as in the orbifold GUT models, the up quark CEDM gives a stringent constraint on the models, as will be shown.
Let us briefly review the realization of realistic flavor structures of fermions and sfermions in the context of orbifold GUT models where both the GUT symmetry and SUSY are broken by the boundary conditions in extra dimensions. Especially we consider one construction of a SUSY SU(5) GUT in five dimensions proposed by Hall and Nomura [21] . The five-dimensional spacetime is postulated to be factorized into the usual four-dimensional Minkowski spacetime and the extra spatial dimension compactified on an S 1 /Z 2 orbifold. The compactification is realized by identifying the fifth coordinate y under the reflection Z : y → −y and the translation T : y → y + 2πR. The physical space is a line interval, 0 ≤ y ≤ πR, which has two branes at the orbifold fixed points y = 0 and y = πR. The reduction of five-dimensional SUSY into four-dimensional N = 1 SUSY is attributed to the y-reflection Z, and the SU(5) breaking comes from the translation T with the nontrivial action of P = diag(+, +, +, −, −) on a fundamental multiplet. We will see that the appropriate choice of the boundary conditions leads to the N = 1 SUSY SM.
The five-dimensional SU(5) vector multiplet lives in the bulk, and consists of a fivedimensional vector boson A M , gauginos λ and λ ′ , and a real scalar σ. In a four-dimensional N = 1 SUSY viewpoint, the vector multiplet is rewritten by a four-dimensional vector superfield V = (A µ , λ) and an adjoint chiral superfield Σ = ((σ+iA 5 )/ √ 2, λ ′ ). The boundary conditions on the gauge multiplet are
where p stands for eigenvalues of the matrix P . Since p = 1 for the SU(3), SU(2), and U(1) components and p = −1 for the others, the SU(5) symmetry is preserved in the bulk and on the brane at y = 0, while only the SM gauge symmetry survives on the brane at y = πR. In the four-dimensional viewpoint, there appear infinite Kaluza-Klein (KK) towers of the partner states with identical quantum charges. Due to our choice of the boundary conditions, only the vector superfields with p = 1 have zero modes which are correctly identified with the vector multiplets in the SUSY SM, whereas the vector superfields with p = −1 and the adjoint chiral superfield have no zero mode. One five-dimensional hypermultiplet, which contains two complex scalars φ and φ c , and two chiral fermions ψ and ψ c , is written in terms of two N = 1 four-dimensional chiral multiplets, Φ = (φ, ψ) and Φ c = (φ c , ψ c ). The boundary conditions are
where η Φ = 1 or −1. In the four-dimensional viewpoint, only the components with p η Φ = 1 in Φ contain their zero modes while the other modes in Φ and Φ c have masses of order of the compactification scale, as in the case of the vector multiplet.
The main purpose of the orbifold GUTs is to solve the notorious doublet-triplet splitting problem by invoking the boundary conditions. When the fundamental and anti-fundamental Higgs hypermultiplets, (H, H c ) and (H,H c ), have properties of η H = ηH = −1, only the doublet components of the KK towers of H andH contain zero modes. With the help of U(1) R symmetry, the the zero mode Higgs doublets are obliged to be massless. The U(1) R symmetry also eliminates dimension four and five proton decays.
Supersymmetry breaking leading to soft breaking terms in the MSSM is also attributed to the boundary conditions. One of the most attractive features of such a boundary condition breaking is that a single parameter α describes all the soft terms. The supersymmetry breaking arises from the following twisted boundary conditions for SU(2) R doublets:
and
Given an appropriate choice of the value of m ≡ αR −1 , we can reproduce the weak-scale SUSY scenarios: α ∼ 10 −13 for R −1 ∼ 10 15 GeV for instance. The MSSM gaugino masses, which arise at the compactification scale, are given by
Here g a denotes the four-dimensional gauge coupling constants and 1/g 2 * ≡ πR/g 2 5 with g 5 being the five-dimensional SU(5) gauge coupling constant. Notice that the usual gaugino mass unification is retained as in the case of the conventional SUSY GUTs. The resulting soft SUSY breaking terms for scalar zero modes in the orbifold GUT model is where h and φ B(b) denote the Higgs doublets and bulk (brane) matter fields collectively, and f the corresponding Yukawa coupling constants in the superpotential. We notice that the SUSY breaking is related with bulk fields and dictated by m.
Let us consider the matter configuration and its consequences for the flavor structures of fermions and sfermions. There are three options for locating a matter field: in the bulk, on the SU(5) symmetric brane at y = 0 or on the SM brane at y = 0. Here we employ the following prescription suggested by Hall and Nomura: the first two families of ten-plets T 1,2 , T Figure 2 we schematically depict the geometric structure and the field configuration. The locations of the matter multiplets are determined by the combined results given by the phenomenological analysis below.
First note that the matter configuration in Figure 2 accounts for the hierarchical quark and lepton masses and mixings by a virtue of the volume suppression. The Yukawa interactions among the matter and Higgs multiplets are allowed only on the SU(5) brane. The resulting Yukawa couplings in the MSSM are given by
with coefficients of order of unity. The large extra dimension whose size is of order of R ∼ 100M −1 suffices for the mass hierarchy, so that ǫ ≃ (RM) −1/2 ∼ 0.1. Only the (3, 3) element in the up-type Yukawa couplings and the third rows of the down-type and chargedlepton Yukawa couplings preserves SU(5) in the conventional sense, because the zero modes of the first two generations of the ten-plets stem from different bulk multiplets. Therefore the up-type quark Yukawa matrix is not symmetric and the masses of the first two generations of the down-type quarks are not associated with the counterparts of charged-leptons while retaining the bottom and tau mass unification. We should admit that the simple geometric structure of the orbifold GUT does not explain the hierarchy within the first two generations. There are several ways to avoid this difficulty. One of the options is to impose an additional U(1) flavor symmetry with the charge assignments such as T F 1,2,3 (1) . Given the U(1) flavor symmetry braking parameter of order of ǫ, more realistic Yukawa coupling matrices are obtained as
instead of Eq. (12) . The mass hierarchy between the top and bottom quarks is also explained for a small tan β region. In the rest of this letter, we postulate that some mechanism works to reproduce the realistic type of the Yukawa structure of Eq. (13) . By introducing three generations of right-handed neutrino fields, the smallness of the neutrino masses are explained via the seesaw mechanism [30] . We can place the right-handed neutrinos either in the bulk or in the SU(5) symmetric brane. In both cases, the Dirac Yukawa couplings and the Majorana mass terms for the right-handed neutrinos are given in the SU(5) brane. Since three generations of the left-handed leptons L 1,2,3 have same geometric profiles, the large mixing angles in the neutrino sector are naturally realized. The gauge coupling unification in the orbifold GUTs requires a lower compactification scale than the usual GUT scale in the conventional SUSY GUT scenario. Thus we might expect that dimension six nucleon decays mediated by the heavy X gauge bosons with mass of order of R −1 are dangerous. Here we recall thatŪ 1,2 ,Ē 1,2 and Q ′ 1,2 in the MSSM originate from different five-dimensional ten-plets and that the X gauge bosons cannot convert Q ′ 1,2 intoŪ 1,2 norĒ 1,2 . Therefore the proton decay rates are suppressed to an acceptable level by small flavor mixings between the first two and third generations.
The same matter configuration considerably ameliorates the SUSY flavor problem. The boundary condition SUSY breaking ensures universal soft scalar masses for bulk fields with vanishing soft scalar masses for brane fields, as we mentioned above. The geometry provides the following soft terms for the zero modes:
at the compactification scale. At the electroweak scale we obtain universal masses for lefthanded sleptons and right-handed down-type squarks, while the third generations of lefthanded quark doublets, right-handed up-type quarks and charged sleptons are different from their first two generations in mass. The mass degeneracy especially within the first two generations adequately suppresses the most dangerous flavor violating processes caused by superparticles, such as the K meson mixing and the µ → eγ decay. Sizable flavor violating effects are originated only from the separation of the locations of the ten-plets. In other words it is worth investigating implications from flavor mixings between the first two generations and the third generation in left-handed squark, right-handed up-type squark and right-handed slepton sectors. Let us explore experimental signatures from the remarkable flavor structure realized in the orbifold GUT models. The different location of the third generation ten-plet T 3 in the extra dimension from those of the first two generations induces the sfermion flavor mixing for left-handed squarks, right-handed up-type squarks and charged sleptons. Such a situation is reminiscent of the conventional SUSY SU (5) GUTs. In the SUSY SU(5) GUTs with the minimal supergravity boundary condition the renormalization group (RG) effects above the GUT scale generate similar flavor-violating terms for the sfermions via the top and bottom Yukawa couplings [31] . We focus on the CEDM of the up quark originated from the uptype squark mixings and LFV from the right-handed slepton sector. We will show that the observations of hadronic EDMs and the LFV µ → eγ decay have a great potential to distinguish the two frameworks.
We can estimate the magnitude of the up quark CEDM using the mass insertion approximation. The Yukawa matrices are related to those in the mass eigenbasis by the following biunitary transformation:
e Rf e V e L . Then the soft terms in the super-CKM basis are
where
is the KM matrix. Additional flavor violating effects are controlled by
In generic CP violating off-diagonal elements in the left-handed up-type squark mass matrix are not related to the right-handed counterparts. Therefore we expect too large CP violation
Although the squark mixings are diluted by the gluino focusing effect, the CEDM of the up quark is still dangerous like the µ → eγ decay.
We have performed numerical calculations clarifying the observable hadronic EDMs are indeed induced by the CP-violating sfermion mixings as well as LFV processes. Since there is a sizable mass splitting among the sfermions, we work in the basis where the sfermion mass matrices are fully diagonalized, instead of the mass insertion approximation. The CEDM of the up quark is given by
where (U u ) Ii relates the up-type squarksũ 
Here c ∼ 0.9 is the QCD correction factor at low energy,
) parametrizes mass ratios of the up-type squarks to the gluino, and the loop functions G 1 (x) and G 2 (x) are defined by
In Figure 3 we show the predicted values of the CEDM of the up quark in (a) and the branching ratio for the LFV µ → eγ decay in (b) as functions of m for tan β = 3, 10. Here we set the magnitudes of sfermion mixing parameters to |(C f ) 13 | = 0.01 and |(C f ) 23 | = 0.04 at the compactification scale R −1 = 1 × 10 14 GeV, and postulate maximal CP violation. These values are naturally inferred from the corresponding CKM matrix elements, because the rotation of the ten-plets in the generation space simultaneously dictates the hierarchical structure of the CKM matrix and the additional sfermion mixings. The five-dimensional gauge coupling constant is taken to be g 2 * = 1.9, and the RG effects from the compactification scale to the Z-boson mass scale are included. The Higgs mixing parameter µ is chosen to be negative, which is preferred by considering the precise bottom-tau unification [21] . The dependence of the signature of µ on the predicted values is weak. The present experimental bounds are d
, and Br(µ → eγ) < 1.2 × 10 −11 [32] . Notice that in our setup various observables, such as flavor violating processes and mass spectra, are uniquely determined by a single parameter m, once the flavor mixing parameters are fixed. These figures demonstrate that the orbifold GUT scenario marginally survives the bounds from the hadronic EDMs and the µ → eγ decay.
A new deuteron EDM experiment is proposed aiming for the sensitivity of d D ∼ 10 −27 e cm [24] , which is converted to the CEDM bounds as d [33] . These experiments will cover the interesting parameter region in the orbifold GUT models. Null signature of the deuteron EDM or the µ → eγ decay would oblige us to change the matter configuration in the extra dimension.
Let us discuss other possible choices of matter configurations in the framework of the orbifold GUTs, where SUSY is broken by the boundary conditions. We can place T 3 and F 1,2,3 on the SM brane instead of the SU(5) symmetric one. The gross flavor structures of fermions and sfermions resemble those in the Hall-Nomura model, and thus similar flavor violating effects are derived. Future improvements of the experiments may force us to eliminate the off-diagonal elements in the sfermion mass matrices if the signatures are not observed. This means that all of the ten-plets should be located on the same place in the light of the quark mixings. The first two generations of ten-plets T 1,2 are forbidden from living in the SU(5) brane in order to suppress the dimension six proton decays, while T 3 should be localized on one of the two branes to reproduce the large top quark mass. Thus T 1,2,3 must be located on the SM brane [16] . The locations of the three generations of fiveplets are either in the bulk or on the SM brane in order to allow the Yukawa interactions. In the bulk five-plet case, the ratio of the bottom to top Yukawa couplings is suppressed by the large volume of the extra dimension, and the soft scalar masses of the five-plets are lifted by m. In the case where the five-plets are located on the SM brane, we obtain the same Yukawa structures as those in the MSSM. In both cases, the SU(5) relation for the Yukawa couplings is discarded, and we need some other mechanism to realize the flavor hierarchy in the fermion masses and mixings. As far as non-universal configuration for the matter multiplets is responsible for the sfermion mixings, which are dictated by the corresponding CKM matrix elements, not only LFV processes but also the hadronic EDMs is predicted to be just below the current limits. This conclusion is generic, and not altered even in extended models possessing higher-dimensional spacetimes or larger gauge groups. The predictions of the orbifold GUTs should be compared to those of four-dimensional SUSY SU(5) GUTs. If the sfermion masses arise in a flavor-blind manner from the dynamics above the GUT scale (for example, the minimal supergravity scenario), the sfermion flavor mixings are induced only by the RG running effects from the cutoff scale M G and thus they are loop-suppressed. In SUSY SU(5) GUTs there exist the color triplet partners of the MSSM Higgs doublets. The Yukawa interactions mediated by the Higgs triplets with mass M H c lead to flavor mixings in the ten-plet scalars. In the minimal SU(5) model without heavy right-handed neutrinos, the resulting flavor mixings are controlled by the CKM matrix and the top and bottom Yukawa couplings
with i = j, where ϕ ij ≡ ϕ i − ϕ j parametrizes the GUT-origin phases independent of the KM phase. Here m 0 and A 0 are the universal soft scalar mass and the trilinear coupling, respectively. Although both the left-handed and right-handed up-type squarks have the off-diagonal components with different CP phases, the induced CEDM of the up quark is suppressed by the fourth power of bottom Yukawa coupling in addition to the loop suppression [9] 1 . For example, we obtain d C u ∼ 10 −28 cm for m SUSY = 500 GeV and tan β ≃ 35. Even for a large tan β region the predicted hadronic EDMs are well below the current upper limits. If we observe the deuteron EDM above the 10 −27 e cm level, it would be attributed to the down or strange quark contribution coming from other physics in the context of four-dimensional GUTs. On the other hand, the right-handed slepton mixings involve the large top Yukawa coupling, so that LFV decay processes are within the scope of future experiments, although the various contributions tend to cancel out [35] . We emphasize that by combining the results of the hadronic EDM and LFV searches we can distinguish the orbifold framework from the conventional SU(5) SUSY GUTs.
It is also important to measure various hadronic EDM processes, because the light quark CEDM contributions to hadronic EDMs are quite different. By investigating the correlation of the observed hadronic EDMs, we might find which contribution dominates over. If we identify the origin, it would give us crucial hints for the physics beyond the SM.
In this letter we have investigated the hadronic EDM constraints on the orbifold GUT framework, which explains the fermion and sfermion flavor structures due to an appropriate choice of the locations of the matter fields in extra dimensions. For definiteness we have worked in one construction based on SU(5) proposed by Hall and Nomura. In the setup the first two generations of the ten-plet matter fields live in the bulk as the gauge and Higgs multiplets, while the third generation ten-plet and all of the three five-plet matters are localized on the SU(5) conserving brane. Given the matter geometry, (i) realistic fermion masses and mixings are reproduced retaining the bottom-tau mass unification, (ii) flavor changing processes via superparticles are suppressed due to the partial mass degeneracy, and (iii) dimension six nucleon decays mediated by the heavy gauge bosons are avoided. We explore observable flavor-violating signatures coming from the non-degenerate sfermion mass spectra for the ten-plet sector: the left-handed squarks, the up-type squarks and the singlet sleptons. We have pointed out that CP-violating up-type squark mixings between the first and third generations in both the left-and right-handed sectors induces a sizable CEDM of the up quark, which is enhanced by the large top quark mass. As a result, the hadronic EDM constraints on the orbifold GUT framework are predicted to be close to the current experimental bounds as well as that from µ → eγ decay. On the contrary, in the context of conventional four-dimensional SUSY GUTs, the induced up quark CEDM is negligible whereas a detectable rate for the µ → eγ decay is expected. The future EDM and LFV experiments will act as good probes to discriminate various SUSY GUT models.
